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The  effect  of  an  anodic  treatment  on  the  methanol  oxidation  activity  of  PtRu/C  (50:50  at.%)  and  PtNiCr/C 
(Pt:Ni:Cr  =  28:36:36  at.%)  catalysts  was  investigated  for  various  potential  limits  of  0.9, 1.1, 1.3  and  1.4  V  (vs. 
reference  hydrogen  electrode,  RHE).  NaBH4  reduced  catalysts  were  further  reduced  at  900  °C  for  5  min 
in  an  argon  balanced  hydrogen  flow  stream.  Improved  alloying  was  obtained  by  the  hydrogen  reduction 
procedure  as  confirmed  by  X-ray  diffraction  results.  In  the  PtRu/C  catalyst,  a  decrease  of  irreversible  Ru 
(hydrous)  oxide  formation  was  observed  when  the  anodic  treatment  was  performed  at  1.1  V  (vs.  RHE) 
or  higher  potentials.  In  chronoamperometry  testing  performed  for  60  min  at  0.6  V  (vs.  RHE),  the  highest 
activity  of  the  PtRu/C  catalyst  was  observed  when  anodic  treatment  was  performed  at  1.3  V  (vs.  RHE).  The 
current  density  increased  from  1.71  to  4.06Agcatr1  after  the  anodic  treatment.  In  the  PtNiCr/C  catalyst, 
dissolution  of  Ni  and  Cr  was  observed  when  potentials  >1.3  V  (vs.  RHE)  were  applied  during  the  anodic 
treatment.  In  MOR  activity  tests,  the  current  density  of  the  PtNiCr/C  catalyst  dramatically  increased  by 
more  than  13.5  times  (from  0.182  to  2.47  Agcat._1)  when  an  anodic  treatment  was  performed  at  1.4  V. 
On  an  Agnobiemetai-1  basis,  the  current  density  of  PtNiCr-1.4V  is  slightly  higher  than  the  best  anodically 
treated  PtRu-1.3V  catalyst,  suggesting  the  PtNiCr  catalyst  is  a  promising  candidate  to  replace  the  PtRu 
catalysts. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Increasing  power  consumption  of  by  portable  electronics 
requires  improved  power  sources  with  higher  power  density  and 
short  recharge  times.  Current  lithium  ion  batteries  are  approach¬ 
ing  their  power  density  limit  and  require  long  recharge  times.  Direct 
methanol  fuel  cells  (DMFCs)  are  a  promising  alternative  to  lithium 
ion  batteries  due  to  their  high  energy  density  and  short  re-fuel 
time.  DMFCs  use  methanol  and  oxygen  as  the  anode  and  cathode 
reactants,  respectively,  to  produce  electricity,  water,  and  carbon 
dioxide.  The  direct  use  of  a  liquid  fuel  is  an  attractive  feature  of 
DMFCs  for  mobile  electronic  applications  because  of  the  easy  han¬ 
dling  of  methanol.  However,  the  use  of  methanol  can  also  cause 
a  decrease  in  the  anode  performance  compared  with  pure  hydro¬ 
gen  due  to  low  methanol  electro-oxidation  reaction  (MOR)  activity 
of  some  anode  catalysts  [1].  Pt  anode  catalysts  exhibit  rapid  activ¬ 
ity  loss  because  of  easy  CO  poisoning,  which  is  an  intermediate 
of  the  MOR.  Incorporation  of  Ru  into  the  Pt  catalyst  can  dramati¬ 
cally  reduce  the  CO  poisoning  [2-4].  Further  modification  of  alloy 
composition  via  transition  metal  incorporation  can  lower  costs 
and  improve  MOR  performance,  as  shown  by  ternary  metal  alloys 
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including  PtRuFe  [5,6],  PtRuCo  [7-9],  PtRuW  [7],  PtRuMo  [10],  and 
PtRuNi  [11,12]. 

Optimizing  improved  ternary  or  quaternary  catalyst  compo¬ 
sitions  is  difficult  because  of  the  many  possible  combinations 
of  metals  and  compositions.  The  challenge  can  be  lessened  by 
employing  a  combinatorial  approach  where  parallel  processing  and 
screening  of  compositions  can  be  used  to  identify  the  most  promis¬ 
ing  candidate  compositions  [13].  Sputter  deposition  has  been  used 
to  deposit  thin  film  libraries  of  candidate  compounds  [7,8,14-18]. 
In  several  reports  it  was  noted  that  “conditioning”  of  the  library 
led  to  enhanced  activity.  For  example,  in  a  Pt-Ru-Co  library,  all 
samples  except  Pt17Ru17Co66  (at.%)  showed  little  to  no  response 
for  the  MOR  after  deposition  and  annealing  [7].  However,  after 
the  conditioning  process,  many  compositions  showed  much  larger 
response  for  the  MOR  with  the  best  composition  identified  as 
Pti2Ru50Co38.  The  conditioning  process  consisted  of  cyclic  voltam¬ 
metry  (CV)  at  60  °C  for  10  cycles  between  -0.06  and  1.34V  (vs. 
reference  hydrogen  electrode,  RHE)  at  a  scan  rate  of  lOmVs-1. 
The  initially  active  Pti7Rui7Co66  showed  reduced  activity  after 
cycling,  presumably  due  to  corrosion  during  the  conditioning  pro¬ 
cess.  Thin  film  libraries  in  other  compositional  systems  (Pt-Ru-W 
[7]  and  Pt-Ni-Cr  [19])  also  exhibited  improved  MOR  activity  after 
the  conditioning  process.  In  those  studies  the  nature  of  the  sur¬ 
face  modification  responsible  for  the  activity  enhancement  was  not 
clear. 
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A  recent  study  by  Lu  et  al.  [20]  offers  insight,  because  the  anodic 
treatment  procedure  they  employed  is  similar  to  the  thin  film 
library  conditioning  process.  In  that  study,  it  was  observed  that 
anodic  treatment  could  improve  the  initial  MOR  activity  of  PtRu/C 
powder  catalysts  by  up  to  five  times  by  a  decrease  of  irreversible 
Ru  (hydrous)  oxides  (associated  with  a  low  degree  of  Ru  alloying) 
and  the  formation  of  reversible  Ru  (hydrous)  oxides  (implying  a 
high  degree  of  Ru  alloying).  They  claimed  that  the  irreversible  Ru 
(hydrous)  oxides  are  harmful  for  MOR  while  the  reversible  ones  are 
beneficial.  Additionally,  in  other  reports  it  was  suggested  that  Ru 
hydrous  oxide  is  more  active  for  the  MOR  than  metallic  Ru,  with 
both  being  far  more  active  than  Ru02  (i.e.,  Ru  hydrous  oxide  >Ru 
metal »  Ru02 )  [21  -28].  In  this  study,  we  apply  an  anodic  treatment 
to  powder  versions  of  the  PtRu/C  and  PtNiCr/C  catalyst  composi¬ 
tions  examined  previously  in  thin  film  form  to  verify  the  effect  of 
an  anodic  treatment  on  MOR  activity  improvement,  and  also  to  bet¬ 
ter  understand  how  anodic  treatment  can  improve  the  MOR  activity 
of  the  combinatorial  libraries. 

2.  Experimental 

2. 1.  Catalyst  preparation 

The  PtRu/C  (“PtRu-NaBH4”,  Pt:Ru  =  50:50  at.%)  and  PtNiCr/C 
(“PtNiCr-NaBH4”,  Pt:Ni:Cr  =  28:36:36  at.%)  catalysts  were  synthe¬ 
sized  by  a  NaBH4  reduction  method,  which  was  discussed  in  detail 
previously  [29].  Metal  precursors  were  dissolved  in  a  mixture  of 
methanol  and  de-ionized  (DI)  water.  H2PtCl6*6H20,  RuC13(H20, 
NiCl2,  and  Cr(N03)3(9H20  were  used  as  metal  precursors  of  Pt, 
Ru,  Ni,  and  Cr,  respectively.  Carbon  support  (Vulcan  XC72R)  was 
added  to  the  mixture  solution  and  then  sonicated  for  homogeneous 
mixing.  The  mixture  was  stirred  for  30  min  and  then  0.2  M  NaBH4 
solution  was  added  to  reduce  the  metal  precursors.  The  resulting 
mixture  was  further  stirred  for  1  h  followed  by  filtering  and  washing 
with  DI  water.  The  resulting  powder  was  dried  in  an  oven  at  100  °C 
overnight.  Loading  of  metals  was  20  wt.%  of  the  total  catalyst  mass. 

The  NaBH4  reduced  catalysts  were  further  reduced  at  900  °C  for 
5  min  under  H2/Ar  flow  (5.2mol.%  H2)  to  ensure  formation  of  a 
fully  reduced  metallic  surface.  The  temperature  and  time  for  reduc¬ 
tion  was  the  same  condition  used  for  the  combinatorial  libraries 
previously  reported  [7,19].  To  permit  high  temperature  catalyst 
processing  for  such  a  short  time,  a  rapid  insertion  technique  was 
used  to  eliminate  extensive  ramping  time.  First,  the  catalysts  were 
placed  in  a  cold  end  of  a  tube  furnace  and  H2/Ar  gas  was  flowed 
for  1  h  before  heating  the  furnace.  When  the  furnace  reached  to 
900  °C,  the  catalysts  were  inserted  into  the  hot  zone  within  10  s 
via  a  magnetic  pushing  device  outside  the  tube,  and  then  similarly 
quickly  extracted  from  the  hot  zone  after  the  reduction  treatment. 
The  resulting  annealed  catalysts  are  named  as  “PtRu-900”  and 
“PtNiCr-900”  for  the  PtRu/C  and  PtNiCr/C  catalysts,  respectively.  The 
PtNiCr-900  catalyst  is  the  same  sample  discussed  previously  [29]. 

2.2.  Anodic  treatment  and  physical  and  electrochemical 
characterization 

X-ray  diffraction  (XRD)  was  performed  on  the  powder  catalysts 
in  a  step  scan  mode  with  a  step  size  of  0.02°  and  duration  time  of 
0.5  s  for  each  step  from  20  to  80°  20. 

Electrochemical  characterization  was  performed  in  a  beaker- 
type  three-electrode  cell.  A  glassy  carbon  electrode  (3  mm  dia.,  BAS 
Co.,  Ltd.,  MF-2012)  was  used  as  the  working  electrode.  Catalyst  lay¬ 
ers  were  deposited  by  using  a  thin-film  method  [30].  The  catalyst 
was  dispersed  in  a  mixture  of  DI  water  and  Nation  ionomer  solu¬ 
tion.  The  mixture  was  sonicated  to  get  homogeneous  mixing  and 
then  a  small  amount  of  the  mixture  was  dripped  on  the  glassy 
carbon  electrode.  After  the  catalyst  layer  was  dried  in  air,  5  wt.% 


Nation  ionomer  solution  was  dripped  on  the  catalyst  layer  to  stabi¬ 
lize  it.  Platinum  mesh  and  standard  calomel  electrodes  were  used 
as  the  counter  and  reference  electrodes,  respectively.  Anodic  treat¬ 
ment  was  performed  by  potential  cycling  between  0  V  (vs.  RHE) 
and  the  desired  potentials  (0.9,  1.1,  1.3,  and  1.4  V  vs.  RHE)  for  50 
cycles  at  a  scan  rate  of  50mVs-1  at  60  °C.  In  the  following  sec¬ 
tions  of  the  paper,  the  catalysts  which  received  anodic  treatment 
are  named  by  their  “catalyst-potential”;  for  example,  “PtRu-0.9V” 
and  “PtNiCr-0.9V”  are  PtRu-900  and  PtNiCr-900  catalysts  which 
received  anodic  treatment  between  0  and  0.9  V,  respectively.  0.5  M 
H2S04  solution  was  used  as  the  electrolyte.  For  MOR  activity  mea¬ 
surement,  cyclic  and  chronoamperometric  tests  were  performed 
by  potential  cycling  from  0  to  0.8  V  at  a  scan  rate  of  50  mV  s-1 ,  and 
by  keeping  the  electrodes  at  0.6  V  (vs.  RHE)  for  1  h,  respectively. 
1  M  H2S04  + 1  M  methanol  solution  was  used  as  the  electrolyte 
for  both  tests.  All  potentials  in  this  paper  were  converted  to 
RHE  scale. 

3.  Results  and  discussion 

XRD  patterns  of  the  PtRu-NaBH4  and  PtRu-900  catalysts  are 
shown  in  Fig.  1.  In  the  PtRu-900  catalyst,  shifting  and  sharpening 
of  peaks  was  observed,  indicating  changes  in  the  degree  of  alloy¬ 
ing  and  crystallite  size,  respectively.  In  the  PtRu-900  catalyst,  a  new 
peak  was  observed  at  43.24°  from  the  hep  Ru  (1  0 1 )  peak.  However, 
the  position  of  this  peak  was  lower  than  the  44.02°  value  in  pure  Ru 
(ICDD  PDF  #65-1863),  which  means  some  Pt  was  incorporated  into 
the  hep  Ru  phase.  The  Pt  peaks  moved  to  higher  20  values  after  the 
hydrogen  reduction.  The  Pt  (1 1 1)  peak  at  40.03°  in  PtRu-NaBH4 
moved  to  40.11°  in  PtRu-900,  indicating  a  higher  degree  of  alloying 
developed  in  the  Ru-doped  Pt  phase.  According  to  the  equilibrium 
phase  diagram,  up  to  62  at.%  Ru  is  soluble  in  Pt  [31  ].  Observation  of 
a  Ru  peak  after  annealing  indicates  that  some  of  the  Ru  may  reduce 
separately  from  the  Pt  during  borohydride  reduction  (i.e.,  that  not 
all  the  Ru  is  alloyed  with  the  Pt).  The  brief  (5  min)  thermal  reduc¬ 
tion  reveals  the  existence  of  this  separated  Ru.  Longer  annealing  at 
900  °C  would  promote  more  complete  alloying,  but  at  the  expense 
of  severe  particle  coarsening.  Thus,  these  results  show  that  ( 1 )  some 
phase  separation  occurred  after  annealing  of  the  metastable  PtRu 
intermetallic  phase  resulting  from  borohydride  reduction  and  (2) 
the  separated  phases  are  predominantly  Ru-doped  Pt  with  a  minor 
amount  of  Pt-doped  Ru.  Crystallite  sizes  were  calculated  from  the 
Pt  (1 1 1)  peaks  by  using  the  Scherrer  equation  [32],  yielding  val¬ 
ues  of  3.2  and  7.9  nm  for  the  PtRu-NaBH4  and  PtRu-900  catalysts, 
respectively.  The  results  for  the  PtNiCr-NaBH4  and  PtNiCr-900  were 
reported  previously  as  2.1  and  9.0  nm,  respectively,  with  the  PtNiCr- 
900  catalyst  exhibiting  a  shift  of  peaks  to  higher  20  values  compared 
to  the  PtNiCr-NaBH4  [29]. 


Fig.  1.  XRD  patterns  of  the  PtRu-NaBH4  and  PtRu-900  catalysts.  The  (101)  peak 
from  Ru  (hep)  is  denoted  by  an  asterisk. 


MX.  Jeon,  PJ.  McGinn  /  Journal  of  Power  Sources  188  (2009)  427-432 


429 


0.4  Oj6  O 
Potential  /  V  vs.  RHE 


(a) 


0.0  0.2  0.4  0.6 

Potential  /  V  vs.  RHE 


< 


g 

3 

CJ 


12 

10 

8 

6 

4 

2 

0 

-2 

-4 

-6 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 

Potential  /  V  vs.  RHE 


20 

15 

10 

5 

0 

-5 

-10 


0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4 

Potential  /  V  vs.  RHE 


00 

< 


Fig.  2.  Anodic  treatment  results  of  the  PtRu-900  catalyst  for  different  potential  ranges  between  0  and  (a)  0.9,  (b)  1.1,  (c)  1.3,  and  (d)  1.4  V.  Potential  was  cycled  for  50  times  at 
a  scan  rate  was  50  mV  s-1  and  60  °C.  0.5  M  H2SO4  solution  was  used  as  the  electrolyte. 


Fig.  2  shows  the  anodic  treatment  results  of  the  PtRu-900  cat¬ 
alyst  for  different  potential  ranges  of  0.9,  1.1,  1.3,  and  1.4  V.  The 
trend  change  of  current  density  with  increasing  number  of  cycles 
is  denoted  by  the  arrows.  With  increasing  limiting  potential,  sig¬ 
nificant  changes  were  observed  above  0.7  V  along  the  positive  scan 
direction  and  between  0  and  0.6  V  along  the  negative  direction.  The 
decrease  of  current  density  in  both  directions  indicates  a  decrease 
of  irreversible  Ru  (hydrous)  oxide  formation  [20].  One  point  to  be 
noted  is  the  change  of  the  CV  curves  at  high  potentials.  Lu  et  al.  [20] 
compared  CV  curves  of  high-  and  low-degree  of  alloying  samples, 
and  observed  significant  changes  in  the  anodic  direction  of  the  CV 
curve.  In  samples  with  a  high  degree  of  alloying,  a  decrease  of  cur¬ 
rent  density  was  observed  only  above  0.7  V  as  in  the  present  results, 
while  it  was  observed  above  0.3  V  in  catalysts  with  a  low  degree 
of  alloying.  The  change  in  the  CV  curves  in  this  paper  matches 
well  with  the  sample  in  Lu’s  work  with  a  high  degree  of  alloy¬ 
ing,  indicating  that  the  hydrogen  reduction  process  produces  a 
PtRu  catalyst  with  a  relatively  high  degree  of  alloying.  One  con¬ 
cern  that  should  be  mentioned  is  the  possibility  of  Ru  dissolution 
during  the  CV  processing,  because  the  decrease  of  the  irreversible 
Ru  (hydrous)  oxides  can  result  in  the  formation  of  reversible  Ru 
(hydrous)  oxides  formation  and  Ru  dissolution.  In  the  results,  no 
noticeable  changes  in  proton  desorption  area  (0-0.3  V  along  the 
positive  scan  direction)  were  observed,  which  implies  no  increase 
of  Pt  surface  area.  Thus,  we  can  conclude  that  the  anodic  treat¬ 
ment  caused  reversible  Ru  (hydrous)  oxide  formation  but  not  Ru 
dissolution. 

The  MOR  activity  measurement  results  for  the  PtRu-900  cata¬ 
lyst  before  and  after  anodic  treatments  are  shown  in  Fig.  3(a)  and 
(b).  In  Fig.  3(a),  the  MOR  activity  measured  by  potential  cycling 
between  0  and  0.8  V  is  shown.  The  difference  in  MOR  activity 
between  PtRu-900  and  PtRu-0.9V  was  relatively  insignificant,  while 
activity  dramatically  increased  in  PtRu-l.1V  and  PtRu-1.3V  sam¬ 
ples.  The  PtRu-1.4V  catalyst  did  not  show  any  further  changes 
in  the  MOR  activity  compared  to  the  1.3  V  treated  sample.  The 


Fig.  3.  MOR  activity  measurement  results  of  the  PtRu/C  catalysts  obtained  by  (a) 
potential  cycling  between  0  and  0.8  V  at  a  scan  rate  of  50  mV  s_1  and  (b)  chronoam- 
perometry  tests  at  0.6  V  for  60  min  1  M  H2SO4  + 1  M  methanol  solution  was  used  as 
the  electrolyte.  Both  tests  were  performed  at  room  temperature. 
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Fig.  4.  Anodic  treatment  results  of  the  PtNiCr-900  catalyst  for  different  potential  ranges  between  0  and  (a)  0.9,  (b)  1.1,  (c)  1.3,  and  (d)  1.4  V.  Potential  was  cycled  for  50  times 
at  a  scan  rate  was  50  mV  s-1  and  60  °C.  0.5  M  H2S04  solution  was  used  as  the  electrolyte. 


optimum  condition  of  1.3  V  is  the  same  as  in  a  previous  report 
where  a  commercial  catalyst  was  used  [20],  which  contained  a  large 
amount  of  Ru  (hydrous)  oxides  [21].  In  chronoamperometry  tests, 
Fig.  3(b),  the  PtRu-l.1V  and  PtRu-1.3V  catalysts  showed  the  same 
current  density  of  4.06  Agcat._1  at  60  min,  which  were  even  higher 
than  the  3.58Agcat._1  value  of  the  as-reduced  PtRu-NaBH4  cata¬ 
lyst.  Considering  the  much  larger  crystallite  size  of  the  PtRu-l.1V 
and  PtRu-1.3V  catalysts,  this  increase  of  current  density  shows  the 
importance  of  the  surface  Ru  oxidation  state.  When  compared  with 
the  1.71  Agcat._1  value  for  the  PtRu-900  catalyst,  the  current  den¬ 
sity  of  the  PtRu-l.1V  and  PtRu-1.3V  catalysts  is  137%  higher.  This 
result  confirms  that,  for  high  MOR  activity,  the  Ru  (hydrous)  oxides 
are  more  beneficial  than  metallic  Ru,  as  was  suggested  in  recent 
publications  [20-28]. 

Fig.  4  shows  the  anodic  treatment  results  for  the  PtNiCr-900  cat¬ 
alyst.  The  PtNiCr  catalysts  showed  a  decrease  of  current  density 
above  0.9  V  along  the  positive  scan  direction,  like  the  PtRu  case. 
However,  we  observed  a  small  decrease  of  current  density  at  0.65  V 
along  the  negative  scan  direction,  which  means  that  the  decrease  of 
current  density  came  from  dissolution  of  Ni  and  Cr.  Also  the  notice¬ 
able  increase  in  the  current  density  of  the  proton  desorption  area 
shows  that  dissolution  of  Ni  and  Cr  caused  exposure  of  Pt  on  the  cat¬ 
alyst  surface.  A  difference  of  the  PtNiCr/C  catalysts  from  the  PtRu/C 
catalysts  is  that  no  changes  were  observed  along  the  negative  scan 
direction.  In  the  PtRu/C  catalysts,  a  decrease  of  current  density  in 
0-0.6  V  along  the  negative  scan  direction  was  observed  that  was 
caused  by  a  decrease  in  irreversible  Ru  (hydrous)  oxide  formation. 
The  absence  of  changes  along  the  negative  scan  direction  means 
that  both  the  dissolution  of  Ni  and  Cr  (which  leads  to  a  current 
density  increase  from  more  Pt  surface  exposure)  and  a  decrease  of 
irreversible  Ni  and  Cr  (hydrous)  oxides  (which  cause  current  den¬ 
sity  decrease)  were  induced  by  the  anodic  treatments.  The  cause  for 
the  increase  of  current  density  observed  near  0.5  V  in  PtNiCr-1.3V 
and  PtNiCr-1.4V  catalysts  is  not  presently  understood.  One  possible 
explanation  is  oxidation  of  reversible  or  partially  reduced  Ni  and  Cr 


(hydrous)  oxides,  but  more  detailed  research  is  required  to  verify 
the  mechanism. 

Fig.  5  shows  the  MOR  activity  measurement  results  of  the 
PtNiCr  catalysts.  The  PtNiCr-900  and  PtNiCr-0.9V  catalysts  showed 
no  significant  differences,  similar  to  the  PtRu  catalysts,  but  with 
increasing  limiting  potential  an  increase  of  current  density  was 
observed.  One  difference  from  the  PtRu  case  is  the  PtNiCr-1.4V 
catalyst,  which  exhibited  the  highest  MOR  activity,  in  contrast  to 
PtRu  where  there  were  no  changes  between  the  PtRu-1.3V  and 
PtRu- 1.4V  catalysts.  This  indicates  that  a  different  anodic  treat¬ 
ment  condition  is  needed  for  different  alloys  to  produce  the 
optimum  metal  (hydrous)  oxide  state.  In  chronoamperometry  tests 
shown  in  Fig.  5(b),  the  improvement  in  MOR  activity  resulting 
from  higher  anodic  treatment  potential  was  clearly  shown.  The 
order  of  activities  was  not  changed  during  the  chronoamperom¬ 
etry  tests.  However,  much  higher  current  density  was  observed 
in  the  PtNiCr-0.9V  catalyst  than  in  the  PtNiCr-900  catalyst,  which 
might  come  from  the  increased  number  of  exposed  Pt  atoms 
on  the  catalyst  surface  due  to  slight  dissolution  of  Ni  and  Cr  as 
mentioned  in  the  CV  results.  The  current  density  in  the  PtNiCr- 
1.4V  was  2.47  Agcat._1  which  is  more  than  1260%  higher  than 
0.182  Agcat._1  in  the  PtNiCr-900  catalyst  (not  anodically  treated). 
This  dramatic  change  in  the  PtNiCr  catalyst  may  result  from  Pt 
and/or  NiCr  (hydrous)  oxide  contributions.  Based  on  the  CV  results, 
it  is  clear  that  both  a  Pt  surface  increase  and  oxidation  of  NiCr 
occur  simultaneously.  The  Pt  surface  area  did  not  increase  enough 
to  account  for  all  of  the  performance  improvement,  so  Ni  and  Cr 
must  also  significantly  contribute  to  the  increased  MOR  activity 
in  their  reversible  (hydrous)  oxide  forms.  Also  this  result  implies 
that  the  effect  of  anodic  treatment  between  metallic  and  reversible 
(hydrous)  oxide  forms  is  much  greater  in  the  PtNiCr  system  than 
in  the  PtRu  system.  The  curve  for  PtRu-NaBH4  from  Fig.  3b  is  also 
shown  in  Fig.  5b  for  comparison.  It  shows  that  the  best  anodically 
treated  PtNiCr  powder  is  still  outperformed  by  the  non-anodically 
treated  PtRu.  However,  on  an  Agnoblemetal-1  basis,  current  density 
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Fig.  5.  MOR  activity  measurement  results  of  the  PtNiCr/C  catalysts  obtained  by  (a) 
potential  cycling  between  0  and  0.8  V  at  a  scan  rate  of  50  mV  s-1  and  (b)  chronoam- 
perometry  tests  at  0.6  V  for  60  min  1  M  H2S04  + 1  M  methanol  solution  was  used  as 
the  electrolyte.  Both  tests  were  performed  at  room  temperature. 


of  PtNiCr-1.4V  is  21.4Agnoblemetar1  which  is  20%  higher  than 
17.9  Agnoblemetal_1  in  the  PtRu-NaBH4  catalyst.  The  activity  of  the 
PtNiCr-1.4V  is  even  slightly  higher  than  the  best  anodically  treated 
PtRu-1.3V  catalyst  which  exhibited  20.3  Agnoble  metal-1*  suggesting 
the  PtNiCr  catalyst  is  a  promising  candidate  to  replace  the  PtRu 
catalysts. 

The  results  of  this  paper  on  the  anodic  treatment  provide  an 
important  clue  to  understand  the  conditioning  process  which  we 
reported  in  a  previous  study  on  thin  film  combinatorial  Pt-Ru-W 
and  Pt-Ru-Co  libraries  [7].  The  anodic  treatment  results  in  this 
paper  clarify  the  improved  MOR  activity  of  the  libraries  after  the 
conditioning  tests  via  the  formation  of  reversible  (hydrous)  oxides. 
Though  the  initial  conditioning  process  applied  to  the  thin  film 
libraries  was  not  based  on  the  expectation  of  the  anodic  treatment 
effect,  these  results  show  that  a  conditioning  process  can  make 
the  libraries  closer  in  behavior  to  well-optimized  and  powder-like 
forms.  However,  in  the  powder  study,  the  increase  of  MOR  activ¬ 
ity  was  less  than  in  the  library  results,  which  might  be  due  to 
the  (111)  preferred  orientation  of  the  thin  film  libraries  [4,33]  and 
possibly  different  surface  compositions  between  the  libraries  and 
powder  form  catalysts.  As  discussed  in  previous  reports  [7,8],  opti¬ 
mum  compositions  of  the  PtRu  catalyst  in  thin  film  and  powders 
are  quite  different.  In  thin  films,  10-20  at.%  of  Ru  exhibits  the  best 
MOR  performance  [4,7,33,34],  while  50  at.%  of  Ru  is  the  best  com¬ 
position  in  powder  catalysts  [35,36].  Hence,  there  is  not  always  a 
direct  correlation  between  the  results  in  thin  film  and  powder  cat¬ 
alysts.  But,  the  results  shown  in  this  paper  suggest  that  an  anodic 
treatment  is  an  important  component  of  a  thin  film  screening  pro¬ 
tocol,  to  improve  the  correlation  between  thin  film  and  bulk  powder 
performance. 


4.  Conclusion 

The  effect  of  anodic  treatment  on  the  PtRu/C  and  PtNiCr/C  cat¬ 
alysts  was  investigated.  By  choosing  the  optimum  potentials  for 
anodic  treatment,  both  of  the  catalysts  showed  dramatic  increase 
of  MOR  activity.  The  MOR  activity  of  PtRu-900  catalyst  (chronoam- 
perometry  at  60  min)  increased  from  1.71  to  4.06Agcat._1  in  the 
PtRu-1.3  V  catalyst,  which  is  a  137%  increase  of  current  density.  For 
the  PtNiCr-900  catalyst,  the  MOR  activity  increased  from  0.182  to 
2.47  Agcat.-1  in  the  PtNiCr-1.4V  catalyst,  which  is  a  1260%  increase 
of  current  density.  These  results  prove  that  the  reversible  (hydrous) 
oxide  forms  of  Ru,  Ni,  and  Cr  is  more  beneficial  than  their  metal¬ 
lic  forms  to  improve  the  MOR  activity.  Also,  an  anodic  conditioning 
process  is  a  useful  way  to  form  reversible  (hydrous)  oxides,  and 
should  be  included  as  a  component  of  combinatorial  screening 
of  thin  film  libraries  to  reduce  possible  differences  between  the 
well-reduced  surface  thin  film  libraries  and  low  temperature  syn¬ 
thesized  powder  forms  of  catalysts. 
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